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Nutrient Provinces in the Sea: Concentration Ratios, 
Reaction Rate Ratios, and Ideal Covariation 
KENT A. FANNING 
Department of Marine Science, University of South Florida, St. Petersburg 
Global distributions of the ratios of the concentrations of nitrate + nitrite (= [N]) and phosphate (= [P]) are 
evaluated from Geochemical Ocean Sections Study (GEOSECS) and Transient Tracers in the Ocean (TTO) 
data sets. If large oceanic regions (or provinces) can be identified on the basis of constant [N]:[P] ratios, 
then the distribution equation for a reactive variable shows that the ratio of the net reaction rates involving 
N and P in each one is equal to its concentration ratio. Organisms within the interiors of the provinces 
would then be in balance with the ratios in which the nutrients are present, producing a non-fractionated or 
"ideal" nutrient covariation. Such provinces can be observed throughout the ocean. Notable features are as 
follows: (1) Between the euphotic zone and 500 m in the west central North Atlantic is a large region in 
which N-P regeneration produces very high [N]:[P] ratios: N50 mol mo1-1 Potential causes are 18 ø Water 
formation, coccolithophorid growth, nitrogen fixation, or atmospheric fixed-nitrogen deposition. (2) 
Most oligotrophic surface waters eem to have [N]:[P] between 0 and 3 mol mol-1, implying that the net 
removal ratio of N and P in those waters i 0-3 mol mol -•. (3) Below 600 m, the ocean contains large pro- 
vinces with N-P regeneration ratios of 12-18 mol mol-•. The dominant ratio is slightly sub-Redfield at 
14.5-15 mol mol , with the entire Indian Ocean below 3000 m being ideally covariant at 14.7 mol mol -•. 
The northeastern Pacific has provinces with very low regeneration ratios (<14 mol mol-1). Vertical boun- 
daries between deep provinces in the western Pacific and eastern Atlantic suggest that particles from im- 
mediately above control regeneration ratios, whereas the more horizontal boundaries between western At- 
lantic provinces appear to reflect a greater importance of horizontally transported particles in water masses 
like Antarctic Intermediate Water. N-P reaction rate ratios along deep isopycnal surfaces are quite variable. 
INTRODUCTION 
Production or consumption of dissolved nutrients by marine 
organisms may occur in ratios that differ from the ratios of the 
concentrations of those nutrients in the surrounding ocean. If, 
however, in a given body of seawater, the ratio of the net rates 
at which a form of nutrient nitrogen (N) and a form of nutrient 
phosphorus (P) are being produced (or consumed) is identical 
to the N-to-P concentration ratio, then the organisms present 
cannot be altering that ratio. Changes deriving from their me- 
tabolism and growth are in balance with their environment, 
and fractionation of N and P is not being caused by biochemi- 
cal reactions. Persistence of this condition would indicate that 
the organisms are able to maintain the concentration ratio de- 
spite the possible mixing-in of adjacent waters with different 
concentration ratios. For these reasons, nonfractionated co- 
variation of nutrients in such a situation will be termed "ideal" 
covariation. 
Because the ratios of nutrient reaction rates are important pa- 
rameters describing chemical processes in the sea, the overall 
purposes of this paper are (1) to evaluate the concept that the 
ocean contains large provinces in which ideal covariation ex- 
ists between principal forms of nutrient nitrogen and phos- 
phorus and (2) to determine the reaction rate ratios for those 
forms within the provinces. The existence of many such prov- 
inces and the range of their reaction rate ratios would be useful 
indicators of the broad-scale chemical impact of marine organ- 
isms. 
Copyright 1992 by the American Geophysical Union. 
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Forms of nutrient nitrogen and phosphorus considered here 
are inorganic nitrate, nitrite, and phosphate. Nitrate is be- 
lieved to be associated with "new" production brought about 
by upward nutrient transport into the euphotic zone [Eppley 
and Peterson, 1979], and nitrite is equally usable by phyto- 
plankton [McCarthy et al., !977; McCarthy and Nevins, 
1986]. Ammonia, dissolved organic nitrogen, and dissolved 
organic phosphorus are not considered because although de- 
tectable even in oligotrophic waters [Brzezinski, 1988; 
Jackson, 1988; Jackson and Williams, 1985], their presence 
has not prevented phytoplankton from maintaining most of 
the surface ocean in a nitrate- or phosphate-depleted condition 
[Fanning, 1989]. Therefore in this work the concentrations 
of N and P are defined as 
[N] = [NO3- ] + [NO2- ] [P] = [PO43-] 
where PO43- indicates molybdate-reactive phosphate. 
The mathematical criterion for ideal covariation of N and P at 
a point in the ocean is given by: 
R N/RP = [N]/[P] (1) 
where R N and Rp are the net internal reaction rates (i.e., pro- 
duction or consumption) of N and P. To identify regions of 
ideal N-P covariation, we need an equation that defines the re- 
lationship between [N] and [P] whenever the condition ob- 
tains. The most general expression for R N /Rp at a given 
point (x•,x2, x3) in a region of ideal covariation would in- 
clude terms for advection and eddy diffusion, would not contain 
a steady state assumption, and would be derived from the equa- 
tion for the distribution of a nonconservative variable, eq. 
[Sverdrup et al., 1942, equation V,9] as follows: 
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i•[N]/i•t -  { •/•xi(K i i9[N]/i•xi) - u i 9[N]/i•x i } 
1 
3 
0[P]/0t - • { O/•xi(K  O[P]/Oxi) - u iO[P]/Ox i} 
1 
= [N] / [P] (2) 
The K. and u. represent eddy diffusivities and advection veloc- l 
ities, respectively. 
Suppose that [N] and [P] at all points in the region have a 
constant ratio, A. Then [N] = A [P], and substitution of this 
relationship into (2) gives 
R s/R? = A = [N]/[P] (3) 
[N] / [P] = A is thus a solution to (2), and, since (3) matches 
(1), the presence of a constant concentration ratio in an oce- 
anic region is sufficient to demonstrate the existence of ideal 
N-P covariation in the region. Note that a constant [N]'[P] 
ratio is equivalent to a linear regression of [N] against [P] 
which passes through the origin (zero intercept). 
This analysis reveals the technique for accomplishing the two 
purposes outlined above. Search the global distribution of 
oceanic [N]'[P] ratios for groupings with values that are con- 
stant within analytical uncertainty. If those groupings are 
clustered in large provinces, then the ocean would appear to be 
composed of such provinces, and the value of the constant 
[N]'[P] ratio for each province is the reaction rate ratio for the 
province. 
Many authors have obtained [N]-[P] regressions with nonzero 
intercepts for data from oceanic regions [e.g., Redfield, 1934' 
Redfield et al., 1963' Broecker and Peng, 1982; and Min- 
ster and Boulahdid, 1987]. Such regressions are not consis- 
tent with ideal covariation because of the intercept (B) in the 
regression equation: 
[N] = A[P]+B (4) 
Substitution of (4) into (2) gives 
R N/RP = A = ([N] - B) / [P] = [N] / [P]-B/[P] (5) 
Here the reaction rate ratio of N to P does not equal the N-to-P 
concentration ratio but is instead the difference between that 
ratio and a term (B / [P]) which could become quite large if the 
region happens to include the upper water column where [P] is 
likely to be small. Only a zero intercept converts (5) identical- 
ly to (1) and indicates ideal covariation. 
In the Geochemical Ocean Sections Study (GEOSECS) and 
Transient Tracers in the Ocean (TTO) data sets, various linear 
nitrate versus phosphate trends may be computed for different 
depth ranges and areas of the ocean. Values for A in (4) esti- 
mated from property-property plots for regions of the Atlantic 
and Indian oceans ranged from 12 to 22 mol N (mol p)-I [Ta- 
kahashi et al., 1985]. Mixing corrections reduced that range 
to 14-18 mol mol-1. Mediterranean regressions have A values 
of 19-23 mol mol-1 [Krom et al., 1991 ]. Whole-ocean proper- 
ty-property plots with GEOSECS data show that most Indo-Pa- 
cific nitrate-phosphate regressions involving surface waters 
should have negative intercepts, implying that excess phos- 
phate is present after nitrate is utilized. The equivalent plot for 
the Atlantic [Broecker and Peng, 1982, Figure 1-4] suggests 
that some Atlantic regressions could show excess nitrate. 
These results are consistent with the nutrient detectability 
analysis of Fanning [1989]. 
The approach taken in the present work is in effect to deter- 
mine if some of these same nutrient data can be regrouped to 
achieve zero intercepts. 
To evaluate N-to-P reaction rate ratios with linear regres- 
sions, a set of IN] and [P] values must be selected that will 
hopefully have a close fit to a straight line. The slope of that 
line is then treated as a first order approximation to the reac- 
tion rate ratio. Typically, the selection is made on the basis of 
physical criteria such as whether or not the data lie along sur- 
faces of constant potential density, where the most rapid mix- 
ing is thought to occur. Nutrient concentrations along these 
isopycnal surfaces are obtained by interpolation. Slopes of the 
order of 15-17 mol N (mol p)-I for the final [N]-[P] mixing 
lines are frequently found and are considered to reflect the 
"Redfield" nutrient model. 
However, there are problems. Cross-isopycnal mixing can be 
difficult to treat [Takahashi et al., 1985, p. 6919], and differ- 
ent end-member selection techniques can influence regression- 
derived reaction rate ratios (e.g., Takahashi et al. [1985] 
versus Minster and Boulahdid [1987]). Moreover, sinking 
particles can settle at rates that range up to hundreds of meters 
per day [Carder et al., 1982; Billett et al., 1983]. Thus they 
can move independently of the water, and particle-dependent 
"biochemical" circulation of nutrients may differ from physi- 
cal circulation [Redfield et al., 1963]. 
In the analysis presented here, few presumptions need be 
made about the role of physical processes in nutrient cycling. 
The primary guide for the selection and grouping of N-to-P 
concentration ratios is the spatial distribution of the nutrient 
concentrations in the water column. To my knowledge, this 
approach to reactive solutes has been tried only a few times 
before, e.g., by Cooper [1937, 1938], who proposed that 15 
mol mol '1 be a "standard" N-to-P concentration ratio so that 
fractionation could be identified by departures from it; by Ri- 
ley [1951], who described N-to-P concentration ratios in an 
Atlantic cross section; by Jackson and Williams [1985], who 
studied organic nitrogen and phosphorus in the Pacific; by 
Fanning et al. [1988], who examined trace metal-nutrient in- 
teractions; and by Krom et al. [1991], who evaluated Mediter- 
ranean nutrient limitation. Most of these efforts considered 
only portions of the ocean. Fortunately, GEOSECS and TTO 
data sets have sufficient coverage and quality to permit the 
detection of large regions of ideal N-P covariation in the major 
oceans using the criterion that such regions should have a 
constant [N]:[P] ratio. 
DATA CONSIDERATIONS 
Data used in this work were gathered over a 12-year period. A 
pre-GEOSECS calibration cruise, Antipode 17 [Scripps Institu- 
tion of Oceanography (SIO), 1972] crossed the equatorial Paci- 
fic in the fall of 1971. GEOSECS sampled the Atlantic from 
June 1972 to March 1973, the Pacific from August 1973 to 
June 1974, and the Indian from December 1977 to April 1978. 
The TTO North Atlantic study (TTO-NAS) occurred between 
April and September 1981, and the TTO Tropical Atlantic study 
(TTO-TAS) occurred between December 1982 and February 
1983. With one exception, oceanic areas which undergo large 
seasonal changes were sampled during late spring to early au- 
tumn. Thus most of the comparisons presented below are for 
warmer and presumably calmer weather. The exception is the 
west central North Atlantic, which was visited by GEOSECS at 
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the 1973 winter-spring boundary. That timing had some im- 
portant consequences. 
Nitrite concentrations are not available for a few stations and 
depths, especially in the GEOSECS Atlantic data, whereas TTO 
data compilations give a much more thorough coverage of ni- 
trite distributions. All missing nitrite concentrations are pre- 
sumed to be zero for reasons discussed by Fanning [1989]. 
Arsenate positively interferes with inorganic phosphate de- 
terminations in seawater. In oligotrophic surface waters and 
much of the mid-depth ocean, arsenate concentrations -- 0.02 
pM, which is also a typical measured phosphate concentra- 
tion in oligotrophic surface waters [Johnson and Pilson, 
1972a; Andreae, 1979; Starham e! al., 1987]. Since reduced 
arsenomolybdate has nearly the same molar absorptivity as re- 
duced phosphomolybdate [Johnson and Pilson, 1972b] and 
since arsenate was not independently determined by the teams 
that prepared the data sets, each GEOSECS or TTO phosphate 
concentration is corrected by subtracting 0.02. The correction 
is trivial for mid-depths and the deep sea but has a much larger 
effect on the [N]:[P] values calculated for oligotrophic upper 
waters. Out of the almost 21,000 samples considered, 258 sur- 
face water samples have measured "phosphate" concentrations 
of 0 to 0.02 pmol kg -l' these are assumed to denote only arse- 
nate (i.e., zero phosphate) and are ignored because of the pos- 
sibility that the zero phosphate is caused by the fallout of pol- 
lutant nitrogen oxides [Fanning, 1989]. 
From the foregoing, the equation for the [N]:[P] ratios in this 
study is 
[N]:[P] = {[NO3- ] + [NO2-]}/{[PO43-]mea s - 0.02} (6) 
where unavailable [NO2-] is assumed to be zero. 
Both GEOSECS and TTO data were generated by the Physical 
and Chemical Oceanographic Data Facility at the Scripps In- 
stitution of Oceanography. Very similar automated techniques 
were used on all cruises [Bainbridge, 1981; Broecker e! al., 
1982; Weiss e! al., 1983; Brewer e! al., 1985], and analyti- 
cal detection limits were statistically the same for both data 
sets [Fanning, 1989]. 
GEOSECS workers evaluated total deepwater sampling preci- 
sion by two kinds of studies [Bainbridge, 1981; Broecker e! 
al., 1982; Weiss e! al., 1983]. One was to trip several bot- 
tles (more than two) at the same depths on mid-to-deep water 
casts during the Atlantic and Pacific expeditions. This study 
reported relative standard deviations (coefficients of variation 
or C.V.) of 0.2 to 0.7% for nitrate and 0.3 to 1.7% for phos- 
phate (+ arsenate). The second study was conducted in all three 
major oceans and consisted of assuming that selected adiabatic 
deepwater columns represented single water masses and then 
calculating the means, standard deviations, and C.V. values for 
nutrient analyses of those columns. The C.V. values were 0 to 
0.8% for nitrate and 0 to 1.4% for phosphate (+ arsenate). 
The evaluation of populations of [N]:[P] ratios requires esti- 
mates of the [N]:[P] variations that could occur as a result of 
sampling and measurement error alone. Analytical methods for 
nitrate-nitrite and phosphate are unrelated and the associated 
errors independent and uncorrelated. Therefore according to 
Meyer [1975, p. 40], the C.V. of the quotient of [N] and [P] is 
2]0.5 (C.V.)[N]:[p] - [(C.V.)[N] 2 + (C.V.)[p] (7) 
where (C V ) and (C V ) are the coefficients of variation of ß '[N ' '[P] the two meth•o•s. As an example, if both [N] and [P] can be de- 
termined with a C.V. of 1%, then measurements for an oceanic 
region with a "constant" [N]'[P] should yield a data set with an 
average [N]:[P] value (rNl,) and a C.V. of (1%)(x/2) = 1.41%. 
The expected width W of the [N]:[P] cluster for the region 
should be 4 times the product of rNl , and the C.V. of the data 
set expressed as a fraction: 
W = (4)(1.41/100) rNp 
In the general case for N and P, 
2]0.5 W = (4)(10-2)[(C.V.)[N]2 + (C.V.)[p] rNp (8) 
[N]:[P] DISTRIBUTIONS IN THE 1VIAJOR •S 
If the major oceans follow the Redfield model and also have 
ideal N-P covariation from surface to seafloor, then their com- 
posite [N]:[P] profiles should follow a predictable pattern. 
Consider a typical oligotrophic station such as GEOSECS 308 
at 30øS, 160øW. Multiplication of its [P] values by 15 pro- 
vides estimates of the IN] values that should be present if a 
"Redfield" ideality existed at all depths. GEOSECS statistical 
studies [Bainbridge, 1981; Broecker et al., 1982], replicate 
analyses from the TTO data set, and detection limit estimates 
[Fanning, 1989] suggest that conservatively assumed stan- 
dard deviations should be 0.2 gmol kg -1 for N determinations 
and 0.02 gmol kg -• for P determinations. We will assume that 
these deviations are independent of the magnitudes of measured 
concentrations, since they are derived from differences be- 
tween absorbance peaks in replicate analyses. Values of 
C V and C V can then be estimated and substituted into ß 'N] ' '[P] (8) a•ong with a value of 15 for Np to obtain the projected 
widths of the [N]:[P] envelope for the station. A depth plot of 
those widths centered on the 15:1 ratio outlines the T-shaped 
profile to be expected for an entire ideal Redfield ocean (Figure 
1). The "cross-bar" of the T occurs because C.V.[N and C.V.[p 1 increase dramatically near the surface as[N] an• [P] become 
small. 
[NI'[P] (mol/mol) 
E 
o 
o II 
20 
i 
i , i i i 
30 
Fig. 1. Theoretical depth profile of the ratio of IN] to [P] in an oligo- 
trophic ocean in which ideal N-to-P covariation exists at a Redfield ra- 
tio. N is nitrate + nitriLe, and P is molybdate-reactive phosphate. 
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Actual composite profiles for ideal water columns could differ 
from Figure 1 by having horizontal "arms" that vary in aver- 
age thickness t or length L from those for other water col- 
umns, depending on the intensities of various upper-ocean u- 
trient depletions. Slight regional differences might occcur in 
the widths of the vertical, deepwater portions of profiles due to 
differences in absolute nutrient concentrations. The center 
lines may shift from 15 mol mol -] if regions do not exactly 
follow the Redfield model. However, the fundamental symme- 
try of Figure 1 is representative of the ideal case, and actual 
[N]:[P] distributions from the global data sets may be com- 
pared to it. 
The most striking feature of composite GEOSECS [N]:[P] pro- 
files for the major oceans is that they have two distinctly dif- 
ferent shapes (Figures 2a to 2c). Indian and Pacific ocean 
profiles roughly resemble the number 7 while the Atlantic pro- 
file resembles the ideal T shape. Interestingly, the same T 
shape was evident in the TTO [N]:[P] distributions for the 
North Atlantic 9 years after GEOSECS (Figure 3a) and the 
tropical Atlantic 10 years after GEOSECS (Figure 3b). The T 
is characteristic of the Atlantic. 
Despite the large [N]:[P] differences in upper ocean waters, all 
GEOSECS and TTO [N]:[P] distributions narrow and approach a 
"constant" Redfield ratio of about 15 mol mol -] toward the 
10 
[N]:[P] (mol/mol) 
20 30 40 50 
/ ! 
I 
' GEOSECS i 
, Indian 
a 
[N]:[P] (mol/mol) 
0 10 20 
0 ' ' 
/I 1 
2.- 
. ! 
3 
i I 
4 
I 
I 
i I 
5 
½ 
/ 
ß 
e I 
ß II 
30 40 50 
i 
GEOSECS 
Pacific 
b 
o 
1 
_c 3 
[N]'[P] (mol/mol) 
0 20 30 40 50 lO 
GEOSECS 
Atlantic 
c 
Fig. 2. Composite profiles of the ratio of [N] to [P] in the major oceans, based on GEOSECS data. N is nitrate + nitrite, and P 
is molybdate-reactive phosphate. Dashed lines outline the missing part of the profiles expected for approximately ideal Red- 
field covariation. (a) Indian Ocean. (b) Pacific Ocean, with solid black and white outline indicating the Indian Ocean [N]:[P] 
profile for comparison. (c) Atlantic Ocean, with solid black and white outline indicating the Indian Ocean [N]:[P] profile for 
comparison. 
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North Atlantic 
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2O 3O 4O 5O 
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b 
Fig. 3. Composite profiles of the ratio of [N] to [P] in the Atlantic 
Ocean, based on Transient Tracers in the Ocean (TTO) data. N is nitrate 
+ nitrite, and P is molybdate-reactive phosphate. (a) North Atlantic 
region (TTO-NAS), with solid black and white outline showing Indian 
Ocean [N]:[P] profile for comparison. (b) Tropical Atlantic region 
(TTO-TAS), with solid black and white outline showing Indian Ocean 
[N]:[P] profile for comparison. 
bottom. When considered as a single unit, the deep sea, where 
nutrient remineralization predominates, gives the strongest 
suggestion of ideal Redfield covariation. 
These initial impressions will now be examined further. 
Shapes of the [N].'[P] Distributions 
The pronounced [N]:[P] asymmetry in the upper Indo-Pacific 
argues against ideal N-P covariation around a single ratio in 
the entirety of either ocean. Dashed lines in Figure 2a and 2b 
show the sections of the graphs that should contain points if 
the covariation were ideal. 
The Atlantic could be fundamentally different from the Indo- 
Pacific because all of its waters exhibit ideal N-P covariation 
around a single ratio like 15 mol mol -]. If so, then Atlantic 
[N]'[P] values that depart from 15 mol mol -] should be random- 
ly scattered, and the frequency and magnitude of positive de- 
partures should approximate those of negative departures. 
These predictions may be tested since TTO data come from 
north of 10øS while GEOSECS data come from the whole At- 
lantic (see Figure 7a). The required randomness would dictate 
that the composite [N]:[P] profile for GEOSECS South Atlantic 
stations should also have a high [N]:[P] "arm" in the upper wa- 
ters. However, Figure 4 shows that the GEOSECS South Atlan- 
tic profile has no high [N]:[P] arm and is in fact reasonably 
similar to the GEOSECS Indian Ocean profile (black and white 
outline). Thus Atlantic [N]:[P] significantly larger than 15 mol 
mol -• are largely confined to the North Atlantic in both the 
TTO and the GEOSECS data sets. 
To determine if those values are at least uniformly distributed 
within the North Atlantic, the maximum [N]:[P] value at each 
GEOSECS or TTO station was noted and assigned a color ac- 
cording to the range into which it fell. When plotted on the 
cruise tracks, the colors show that the largest [N]:[P] values are 
found primarily in the west central North Atlantic (Plates l a 
and lb). They are not distributed randomly as they should be 
if North Atlantic N and P covaried in an ideal manner and pro- 
cessing errors produced the scatter in upper ocean [N]:[P]. 
Expanded-scale plots of the North Atlantic [N]:[P] profiles 
show that maximum [N]:[P] values usually lie between 100 and 
300 m (Figures 5a to 5c)]. If random analytical variability 
were the cause of the T-shaped North Atlantic [N]:[P] distribu- 
tion, both maximum and minimum values should be in the up- 
[N]:[P] (mol/mol) 
0 10 2o 3o 4o 5o 
0 
ß 
1 
• 2 GEOSECS • • ..' Atlantic 
3t ! south of
••- TTO region 
C3 4 
6 
7 
i i i i i i i 
Fig. 4. Composite profile of the ratio of [N] to [P] in the region of the 
Atlantic GEOSECS sampling area that was not sampled by TTO. N is 
nitrate + nitrite, and P is molybdate-reactive phosphate. Locations of 
stations used in the composite are shown by solid circles in Figure 
7a. The solid black and white outline shows the Indian Ocean [N]:[P] 
profile for comparison. 
5698 FANNING: RATIOS AND IDEAL COVARIATION IN NUTRIENT PROVINCES 
^,& ,&• v 
FANNING: RATIOS AND IDEAL COVARIATION IN NUTR•NT PROVINCES 5699 
0 
0 
0.1 
0.2 
0.3 
.c 0.4 
• 0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
10 
e• e 
ß 
[N]:[P] (mol/mol) [N]:[P] (mol/mol) 
GEOSECS --• 0.4 
Atlantic r'• 0.5 
0 10 20 30 20 30 40 50 0 ß ß ß 
ß ß ß ee• ß 
: '" : 0.1 ,•.e ' ' 
'.,'-. ß . .. ß ß •...: .- .'•.•. :... ß 
':' \'i ß ß ' 0.2 ß ß •'----, •e• ß ß ß 
• ee ß 
.-".: 2. E 0.3 '-'.•.'; 
ß ß • ell• ß ee 
ß 
ß ß 
e ß 
0.6 
0.8 
0.9 
1.0 
a 
4o 
ß 
ß ß 
ß 
ß 
'n'o 
North Atlantic 
5O 
b 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.8 
0.9 
o lO 
[N]:[P] (mol/mol) 
20 30 40 5O 
eee ß ß e e•ee 
1.0 
Tro 
Tropical Atlantic 
i i ! , , i , , 
c 
Fig. 5. Expanded composite profiles of the ratio of [N] to [P] in the upper 1000 m of the North Atlantic Ocean. N is nitrate + 
nitrite, and P is molybdate-reactive phosphate. (a)GEOSECS data from 1972-1973. (b) Transient Tracers data from the 
northern cruise track (TTO-NAS), 1981. (c) Transient Tracers data from the tropical cruise track (TTO-TAS), 1982-1983. 
per 100 m of the water column where the lowest [N] and [P] 
values are. In contrast, the high [N]:[P] zone appears to reside 
mainly, though not exclusively, between the bottom of the eu- 
photic zone and the permanent hermocline. Figures 6a and 
6b are GEOSECS north-south and east-west cross sections 
that indicate the lateral pattern of this subsurface region con- 
taining the highest Atlantic [N]:[P] values. 
The [N]:[P] maxima have considerable uncertainty, between 5 
and 30 mol mo1-1 depending on depth (Figure 1). However, be- 
cause the maxima cluster nonrandomly in a single subsurface 
zone of limited extent, Atlantic profiles do not support he hy- 
pothesis that its T-shaped [N]:[P] distribution is produced by 
ideal covariation around a single [N]:[P] value, Redfield or oth- 
erwise. The clustering suggests the possibility of several high 
[N]'[P] provinces in the west central North Atlantic, but further 
definition of these provinces was not attempted because of the 
large uncertainties. 
Possible Causes of the North Atlantic High-[N]:[P] Anomaly 
One option is that high [N]:[P] water is created elsewhere and 
then transported to the west central North Atlantic. However 
we note from Plates la and lb that GEOSECS and TTO did not 
find waters from outside the region with sufficiently large 
[N]:[P] values to serve as sources. Even the Mediterranean has 
to be ruled out because although its upper 500 m can have 
[N]'[P] values up to 90 mol mo1-1 [Krom et al., 1991], no 
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high [N]:[P] ratios exist between the Strait of Gibraltar and the 
west central North Atlantic. Moreover, Mediterranean-influ- 
enced seawater is located •-1000 m deep under the west central 
North Atlantic [Neumann and Pierson, 1966, p. 471]. 
Thus the high [N]:[P] values must be generated in situ from 
processes that raise [N], lower [P], or both [Fanning, 1987]. 
A physical process that seems to be involved is 18 ø Water for- 
mation. Figures 6b and 7a illustrate the time when [N]:[P] 
ratios as large as 50 mol mol -] were actually found at the sea 
surface. This surficial expression was most pronounced at 
GEOSECS station 120 (33ø16'N, 56ø33'W) on March 27, 1973 
[Bainbridge, 1981] when the depths shown within the gray 
zone in Figure 6b contained seawater with salinities of 
36.403 to 36.417 ø/oo and temperatures of 17.98 to 18.04 o C. 
These values indicate potential densities between 26.3 and 
26.4 and identify the water at those depths as 18 ø Water ac- 
cording to Worthington's [1959] criteria. He stated that maxi- 
mum 18 ø Water formation occurs in March in an area bounded 
by the Gulf Stream to the north and west, the latitude of Bermu- 
da (32øN) to the south, and the 45øW meridian to the east. Thus 
the most pronounced presence of extremely high [N]:[P] values 
on the sea surface was during GEOSECS studies in late winter at 
a time of 18 ø Water formation. No surface [N]:[P] values larger 
than 17 mol mol -]• were found away from the continents during 
TTO (Figure 7b), perhaps because no winter TTO stations were 
taken in the region where 18 ø Water forms. 
a Latitude (øN) 
10 20 30 40 
b Longitude (øW) 
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oO2o . 
: ß . ; ß L 
Potential Temperature: 18.0 deg C 
Potential Density' 26.3-26.4 
Fig. 6. Cross sections of the ratio of [N] to [P] in the upper waters of 
the west central North Atlantic Ocean based on GEOSECS data. N is ni- 
trate + nitrite, and P is molybdate-reactive phosphate. Station num- 
bers are the small numbers on the horizontal scale. (a) North-to-south 
transect, fall, 1972. (b) East-to-west transect, winter-spring, 1973. 
Gray zone shows 18 o Water at station 120. 
Coccolithophorid blooms might cause high [N]:[P] ratios. 
Coccoliths contain around 400 ppm phosphorus versus 50 
ppm phosphorus in foraminiferal tests [Froelich et al., 
1982]. Coccolith phosphorus should be extracted from sea- 
water in addition to that required by the coccolithophorid soft 
tissues. If the tissues have a Redfield nitrogen-phosphorus ra- 
tio, a bloom could thus create a [P]-deficient seawater. More- 
over, coccolithophorids dominate the >5 gm phytoplankton 
fraction near Bermuda from November through March [Hurl- 
burt et al., 1960], including the time of maximum 18 ø Water 
formation [Worthington, 1959]. For this mechanism to be 
valid, coccolithophorids should have a total nitrogen-phos- 
phorus ratio lower than Redfield so that the residual seawater 
can have an [N]:[P] ratio greater than Redfield. However, some 
cultured populations have been found to have ratios higher 
than Redfield, or the opposite of the model's prediction. 
$akshaug et al. [1983] reported 16-21 moles of nitrogen for 
each mole of phosphorus in cultured Emiliania huxleyi, which 
may or may not be representative of field populations. 
Nitrogen fixation by Oscillatoria (Trichodesmium), might 
contribute, albeit indirectly, to elevated [N]:[P] ratios. Car- 
penter [1983a] collected compositional data on Oscillatoria 
from the literature and reported that some Pacific colonies had 
molar nitrogen-phosphorus ratios of 44:1. Presumably, Atlan- 
tic Oscillatoria can have similar ratios. Since Oscillatoria 
colonies utilize elemental atmospheric nitrogen that is not 
part of the usual pool of dissolved nutrients, complete remin- 
eralization of the cells could give the surrounding seawater an 
[N]:[P] ratio much greater than a Redfield value. 
Nitrogen fixation could produce the subsurface maximum 
[N]:[P] layer by the following mechanism. Oscillatoria grow 
best at temperatures above 18øC [Carpenter, 1983b]; there- 
fore the maximum production of organic matter with high ni- 
trogen-phosphorus ratios should occur in the summertime eu- 
photic zone. Some of this organic matter could sink as fecal 
pellets or other particles and, because of incomplete reminer- 
alization during initial grazing and particle descent, arrive at 
the 100-to-300-m zone reasonably intact. Remineralization at 
100-300 m might then produce a buildup of IN] relative to [P] 
in the water of the zone, and, because of the deep convective 
mixing that occurs during 18 ø Water formation, the high 
[N]:[P] water would rise to the surface during the subsequent 
winter. This proposed mechanism explains the apparent asso- 
ciation of high surface [N]:[P] values with 18 ø Water formation 
and the occurrence of a maximum [N]:[P] layer at 100-300 m, 
but it leaves unanswered the obvious question of why a similar 
high [N]:[P] layer has not been found in other major oceans, 
especially the Indian Ocean where nitrogen fixation is thought 
to be very important [Carpenter, 1983b]. 
A third potential mechanism for producing the high [N]:[P] 
anomaly is "acid" rain and dry deposition from air masses that 
have passed over continental North America. Supporting evi- 
dence includes the following. Acid rain from North America 
reaches Bermuda, and nirogen oxides contribute up to 29% of 
the excess strong acidity of the rain [Church et al., 1982]. In 
fact, only one sixth to one fourth of the fixed atmospheric ni- 
trogen leaving North America survives to reach the eastern At- 
lantic [Galloway and Whelpdale, 1987]. Oceanic rain off 
North Carolina had nitrogen:phosphorus ratios of 130 to 280 
mol mo1-1 depending onwhether or not ammonia was included 
in the computation [Paerl, 1985]. Total fallout fluxes from 
Duce [1986] suggest hat the Sargasso Sea receives 320-1640 
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mat nitrogen (mat phaspharus) -I from all atmospheric sour- 
ces. The time of the greatest delivery of nitrates in Bermuda 
rain is the winter when GEOSECS data show high [N]:[P] ratios 
of ~50 mat mat -1 at the surface. In summer, the Azores High 
blocks eastward moving storm fronts and causes lower nitrate 
levels in Bermuda rainfall [Jickells et al., 1982]. Finally, the 
very high frequency of undetectabte dissolved phosphate in the 
west central North Atlantic could well reflect a flux of excess 
nitrogen from the atmosphere [Fanning, 1989]. 
However, there are also arguments against an atmospheric 
mechanism. Neither Sargassa Sea productivity [Knap et al., 
1986] nor the nitrate content of the North Atlantic therma- 
cline [Peng and Broecker, 1984] appears to be appreciably 
enhanced by fixed atmospheric nitrogen. Moreover, since the 
fixed nitrogen content in the atmosphere and in rain is much 
higher near the U.S. coast than in Bermuda [Church et al., 
1982; Levy and Moxim, 1989], the maximum [N]:[P] ratio in 
the water column should increase between Bermuda and the 
U.S. coast. Plate lb shows just the reverse: to the west and 
north of Bermuda (at 32øN, 65øW), maximum [N]:[P] values 
decline from >45 to <17 mat mat -1. 
Thus, all three suggested causes have promising features. Yet 
there is enough uncertainty about each that a conclusive choice 
cannot be made at the present time. 
IDEAL N-P COVARIATION IN THE UPPER OCEAN 
Although there is little evidence for ideal N-P covariation in 
the entire water columns of the major oceans at a typical Red- 
field ratio like 15 mat mat -1, the composite [N]:[P] profiles in 
Figures 2, 3, and 5 do not rule it out in portions of those waters 
at lower concentration ratios. Suppose that nutrient reactions 
in the mixed layer balance out everywhere such that the upper 
ocean [N]:[P] is set between 7 and 8 mat mat -1. Since most of 
this region is oligotrophic, its [N] and [P] are frequently so 
low that the resultant large [N]:[P] analytical variability (Fig- 
ure 1) would prodUCe a composite [N]:[P] profile with points 
scattered widely and uniformly on either side of 7-8 mal mat -1, 
e.g., from 0 to 15 mat mat -1. When plotted above acomposite 
profile for deeper waters et at 15 mat mat -1, this distribution 
of upper ocean [N]:[P] points could in fact produce a "7" shape 
similar to the composite Inda-Pacific profiles (Figures 2a and 
2b). However upper ocean points larger than 7-8 mal ma1-1 
should be randomly intermingled with upper ocean points 
smaller than 7-8 mat mat -1. 
The possibility of such upper ocean [N]:[P] randomness is 
tested in contour maps of [N]:[P] ratios in the upper 10 m of 
the oceans. The results (Figures 7, 8, and 9) indicate that highs 
and lows in [N]:[P] in these waters are almost nowhere random- 
ly distributed. Excluding the already discussed 18 ø Water site 
near GEOSECS station 120, highs tend to occur in areas of sea- 
sonal or permanent upwelling as shown in the global map of 
Ekman transport divergence [Hellerman and Rosenstein, 
1983, Figure 12]. Lows occur in the central gyres of the major 
oceans. This lack of randomness precludes the possibility that 
upper ocean N and P experience ideal cavariatian at a single, 
tess-than-Redfietd concentration ratio in any major ocean. 
However the interesting feature of Figures 7, 8, and 9 is that, 
with the exceptions of polar waters, portions of the west cen- 
tral North Atlantic, and upwelling regions of the equatorial 
Pacific, the uppermost mid- and low-latitude surface waters of 
the ocean all have [N]:[P] ratios between 0 and 3 mat mat -1. 
This range is 10% or less of the maximum estimated surficial 
analytical variability shown in Figure 1, and thus the standard 
techniques for [N] and [P] suggest that much of the upper oli- 
gotrophic ocean could have a "constant" [N]:[P] in this range. 
That would fit the criterion for ideal cavariatian (equation (3)) 
and would indicate that the net oligotrophic N-ta-P incor- 
poration ratio (R N /Rp) may also fall between 0 and 3 mat 
mat -1. Obviously, the standard methods have poor relative 
sensitivities at the low nutrient levels of the upper oligotro- 
phic ocean, and these ideas need to be tested with high-sensi- 
tivity analyses such as those of Braman and Hendrix [1989]. 
IDEAL N-P COVARIATION IN THE DEEP SEA 
Examination of the deeper portions of the composite [N]:[P] 
profiles for the major oceans indicates that although all of the 
[N]:[P] envelopes narrow ith depth to ~15 mat mat -1, there 
are noticeable differences in their widths (Figures 2 and 3). The 
Indian Ocean has the narrawest deepwater envelope (see black 
and white outlines in the figures). In some of the deepwater 
profiles the scatter may be large enough to exceed the normal 
scatter caused by sampling and measurement variability. 
Therefore, none of the deep waters in the major ocean basins 
may exhibit ideal N-P cavariatian around a single [N]: [P] ratio 
even though most deep [N]:[P] values are within 2 mal mat -1 of 
a typical Redfield ratio. 
Because of their global coverage of the oceans, GEOSECS 
data can be used to address that question. As mentioned, c•Eo -
SECS estimates of sampling and analytical variability yield 
C.V. ranges of 0-0.8% for deepwater nitrate and 0-1.7% for 
deepwater phosphate (+ arsenate). Substitution of the upper 
values of the ranges into (7) indicates that 1.9% is the maxi- 
mum C.V. to be expected from procedural variability. Actual 
C.V. values can be calculated for the composite GEOSECS 
[N]:[P] profiles below selected depths in the major oceans and 
then evaluated relative to expected C.V. values (Figure 10). 
Figure 10 shows that no matter how much of the water column 
is considered from the bottom up to at least the 1-km level, the 
Indian Ocean possesses much less [N]:[P] variability than ei- 
ther the Atlantic or the Pacific. Compared to the maximum the- 
oretical C.V. value, the Indian Ocean could be said to exhibit 
ideal N-P cavariatian everywhere below 1400 m, while the Pa- 
cific and Atlantic do so only below 4800 m and 5200 m, res- 
pectively. However the 1.9% C.V. standard was taken from the 
poorest replication obtained in the GEOSECS variability stud- 
ies, and the actual analyses had to be more reproducible than 
that on average. So the most realistic C.V. standard would 
probably be half the maximum estimate, or 0.95%, and would 
predict that while ideal cavariatian is not a viable model for 
the Atlantic and Pacific oceans taken as wholes, it is viable for 
the ntire Indian Ocean below 3000 m. SincelrNp there is14.7 
mat mat-l, Rm/Rp there is 14.7 mal mat- (equation (3)), 
and this ideal cavariatian is basically Redfield in nature. 
A similar evaluation cannot be easily made for deepwater TTO 
[N]:[P] ratios because the requisite assessment of procedural 
variability is lacking. However some idea of the likelihood of 
ideal N-P cavariatian in the deep north and equatorial Atlantic 
at the time of the TTO sampling can be obtained visually from 
the composite profiles. If we consider the Indian Ocean profile 
below 3000 m as the typical ideal profile, we can compare its 
width to deep TTO profiles. The results (Figures 3a and 3b) 
imply only a slight possibility of ideal N-P cavariatian in 
deep Atlantic waters in the early 1980s because only at great 
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Fig. 8. Ratios of [N] to [P] in the upper 10 m of the Indian Ocean, 
GEOSECS data, 1977-1978. N is nitrate + nitrite, and P is molybdate- 
reactive phosphate. Small numbers are station numbers. 
depths do the profiles become as narrow as the Indian Ocean 
profile. No effective argument can be made for ideal N-P covar- 
iation throughout he entire deep North and Equatorial Atlantic 
during TTO. This finding is consistent with GEOSECS Atlantic 
results. 
Pacific Subregions 
The fact that only a tiny fraction of the Pacific has a small 
enough [N]:[P] variability to suggest ideal covariation does 
not rule out the possibility that subregions of the Pacific ex- 
hibit ideal covariation set at differing [N]:[P] values by local 
internal reactions. This question is explored in a combined set 
of [N]:[P] cross sections along three GEOSECS cruise tracks 
(solid lines in Figure 9). The results are displayed in a color- 
coded, quasi-isometric ontour map which gives a three-dimen- 
sional sense of the [N]:[P] distribution throughout most of the 
Pacific (Plate 2). 
The principal feature is that the Pacific appears to be com- 
posed of large, coherent zones within which the [N]:[P] ratio 
does not vary by more than 0.5 mol mo1-1, especially in the 
deeper regions below 600 m. Thus the [N]:[P] variability in 
Figure 10 which is larger than analytical scatter is not the re- 
sult of a random, widespread, small-scale variability in inter- 
nal reactions involving nutrients. Instead the internal N-P re- 
action rate ratios, especially below 600 m, seem to be uniform 
within major portions of the Pacific water column and to con- 
trol [N]'[P] concentration ratios rather tightly. GEOSECS sta- 
tion coverage cannot define the full three-dimensional extent 
of these zones; so calculation of their actual C.V. values is not 
possible. An indication of those values may be obtained by 
calculating C.V. values for all Pacific [N]:[P] in 0.5-mol-mo1-1 
increments for the entire water column and for depths below 
600 m (Table 1). The results are much lower [han the maximum 
analytical C.V. estimate of 1.9%, and most increments, espe- 
cially below 600 m, have C.V. values that are less than the 
most realistic analytical C.V. estimate of 0.95% (Figure 10). 
These values and Plate 2 make a strong case for ideal covaria- 
tion set at different [N]:[P] values. 
Another feature of Plate 2 is the change in the direction of the 
boundaries between [N]'[P] zones. The boundaries are approxi- 
mately horizontal above 600 m but assume a decidedly more 
vertical orientation below 600 m, especially in the western 
Pacific section. Most of these vertically oriented deep zones 
tend to penetrate upward close to the main thermocline, sug- 
gesting that their [N]'[P] ratios are controlled by a vertical rai n 
of particles which release N and P in constant ratios more or 
less directly beneath the areas where they begin to sink. The 
zones cross isopycnal surfaces and persist with constant 
[N]'[P] values even though intermediate [N] and [P] maxima are 
found at mid-depths. For example, at lø-5øN along the western 
section, [N] and [P] decline from maxima of 41 and 2.8 grnol 
kg -•, respectively, at 1 km to 36 and 2.2 gmol kg -•, respec- 
tively, at the bottom [Craig et al., 1981, Plates 17 and 15]. 
The fact that the [N]:[P] concentration ratio remains constant 
at 14.5-15 mol mol -• despite these declines suggests a consis- 
tent remineralization pattern which is able to overcome the ef- 
fects of horizontal inputs of adjacent waters with diff6rent 
[N]'[P] ratios. 
In the eastern Pacific section, there is a closer approach to 
horizontal zone boundaries below 600 m, found mainly be- 
tween 15øN and 10øS. This feature stands out particularly well 
between the equator and 10øS, where 15-15.5 mol mol -• (gray) 
water both overlies and underlies 14.5-15 mol mo1-1 (dark 
green) water. A possible explanation is that particles sinking 
below the thermocline south of 10øS follow two paths during 
remineralization. The upper path would be a nearly horizontal 
northward motion between 500 and 1000 m deep, and the lower 
path would be a vertical sinking to below 2000 m followed by 
a combination of additional vertical sinking with northward 
horizontal transport between 10øS and 15øN. 
A pronounced feature of Plate 2 is the clear, south-to-north- 
east-decreasing trend in [N]:[P] ratio below the euphotic zone, 
which is colored olive green or red north of 50 ø S. In the south 
Pacific, especially in or near the Antarctic, subsurface [N]:[P] 
ratios lie between 14.5 and 15.5 mol mol -• with a few exam- 
ples of 15.5-16 mol mol -• (blue). The western section extends 
far enough south that some of these ratios are even present in 
the euphotic zone. Ratios above 14.5 mol mol -• dominate he 
subeuphotic zone water as far north as 10øN in the eastern 
Pacific and 31øN in the western Pacific. Then as we look fur- 
ther north along the eastern Pacific section or eastward from 
N31øN, 170øE in the north Pacific section, this water becomes 
progressively lower in [N]'[P] and finally even drops below 13 
mol mol -• (red) between 0.5 km and 2 km at--34øN, 130øW. 
These low [N]'[P] ratios were found at GEOSECS station 347 
and at the GOGO-I station, which was a previous occupation of 
the same location about 3 years earlier [SIO, 1972]. 
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Fig. 9. Ratios of nutrient [N] to [P] in the upper 10 m of the Pacific Ocean from pre-GEOSECS Antipode 17 data (1971) and 
GEOSECS data (1973-1974). N is nitrate + nitrite, and P is molybdate-reactive phosphate. Small numbers are GEOSECS sta- 
tion numbers. Solid lines denote the locations of the cross sections in Plate 2. 
What causes the feature? Denitrification is a possible expla- 
nation since [0 2 ] is very low in some areas of the Pacific. The 
lowest is < 2 gmol kg -1 at 100-600 m between 10øN and 20øN 
in the eastern Pacific cross-section of Craig et al. [1981, 
Plate 29]. This location corresponds to the 10 ø to 20øN region 
in the eastern Pacific section of Plate 2 where low [N]:[P] val- 
ues do indeed occur. However equally low values are found down 
to 2000 m at ,--34øN, 130øW where [02] is 50-100 gmol kg -1 
according to Craig et al. Therefore denitrification is an incom- 
plete explanation. 
Deepwater boundaries between the low [N]:[P] zones in Plate 
2 roughly approximate downward-pointing "V's" centered on 
,--34øN, 130øW, suggesting that particles whose reactions 
cause the ratios may originate above 1 km at this position and 
then settle outward and downward. The particles may have more 
phosphorus relative to nitrogen than a Redfield value and be 
remineralized congruently to produce a low [N]:[P] ratio in the 
water. Alternatively, they may have a composition as rich or 
richer in nitrogen than a Redfield value but lose phosphorus 
more rapidly than nitrogen during remineralization. In any 
event, by the time the particles cross the orange-green bound- 
ary in the NE Pacific, they are either not releasing nitrogen and 
phosphorus, so that remineralization of particles from other 
sources predominates, or are being remineralized at more Red- 
field-like ratios. 
How might these particles originate? One possibility is that 
they are composed of very fresh organic matter which sinks 
rapidly due to extensive fecal pellet formation and/or down- 
welling. Certainly, downwelling seems to be generally present 
in this region of the NE Pacific. Hellerman and Rosenstein 
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Fig. 10. Coefficient of variation (C.V.) for the ratio of [N] to [P] in 
subportions of the water columns of the Atlantic, Pacific, and Indian 
oceans, using GEOSECS data. Each C.V. value is plotted at the depth 
of the top of the subportion being averaged to obtain it, and the bot- 
tom depth for all subportions of a particular ocean is the greatest depth 
sampled in that ocean. N is nitrate + nitrite, and P is molybdate-reac- 
rive phosphate. Symbols are as follows: solid circles, Atlantic Ocean, 
1972-1973; open circles, Pacific Ocean, 1973-1974; solid triangles, 
Indian Ocean, 1977-1978. Dashed lines indicate the maximum and 
most realistic C.V. values to be expected from analytical uncertainty 
(see text). 
[1983, Figure 12] estimate downwelling rates in much of the 
North Pacific to be 0-20 cm d-1 in July and >20 cm d -1 in Janu- 
ary. There is also a seasonal upwelling of0-20 cm d -1 in July 
very close to the North American coast from the Baja Peninsu- 
la to British Columbia. Primary production stimulated by this 
upwelling could provide a source of fresh organic matter to be 
downwelled later. Obviously though, additional comparative 
studies on particle dynamics and composition over large por- 
tions of the NE Pacific will be required to evaluate this hypoth- 
esis. 
Lower [N]:[P] ratios in the upper 2 km of the NE Pacific have 
also been confirmed by more recent data from a 1984 transect 
of the Vertical Transport and Exchange (VERTEX) project ~10 
years after GEOSECS (Table 2). Thus work from GOGO-I to 
VERTEX provides a 13-year record of these ratios. 
A final observation from Plate 2 concerns surfaces of con- 
stant potential density that intersect waters in the upper 2 km 
with widely varying [N]:[P] ratios. In fact, the 27.0 isapycnat 
surface passes through regions with ratios from <13 to 16 mat 
mat -] which is almost as large a range as found in the entire 
deep Pacific. Such variations do not lend support to the value 
of estimating N-P regeneration ratios by plotting N-P regres- 
sions of data from isapycnat surfaces. When surfaces pass 
through so many zones in which ideal cavariatian of N and P 
appears to occur at different reaction rate ratios, a single reac- 
tion rate ratio, such as would result from the slope of an [N]-[P] 
regression, could not apply to an entire isapycnat surface. Da- 
ta from a portion of an isapycnat surface having a constant 
[N]:[P] ratio could be used in a regression; however, the advan- 
tage of that approach over the direct use of the [N]:[P] ratio it- 
self is unclear. 
Atlantic Subregions 
According to Figure 10, GEOSECS data show that Atlantic 
[N]:[P] ratios are as least as variable as Pacific [N]:[P] ratios. 
Indeed, a comparison of the widths of the composite GEOSECS 
[N]:[P] profiles in Figures 2b and 2c suggests that the deep 
Atlantic is more variable between 1500 and 2500 m. Therefore 
the same technique used to produce Plate 2 is applied to three 
GEOSECS Atlantic sections (delineated by solid lines in Figure 
7a) to determine whether Atlantic [N]:[P] are found in large re- 
gions of "constant" ideal N-P cavariatian or are randomly 
scattered in a manner not consistent with large-scale uniformi- 
ty in N-P reaction rate ratios. 
The results (Plate 3) suggest that large portions of the Atlan- 
tic are "labelled" with distinct N-P concentration ratios. The 
color patterns clearly show that the various 0.5-mate-per- 
mole-wide [N]:[P] zones are not randomly distributed. Orange 
(14-14.5 mat mat- ]) and dark green (14.5-15 mat mat- •) zones 
tend to predominate in the bottom water and at ~1 km in the 
South Atlantic, and gray (15-15.5 mat mat-•) and blue (15.5- 
16 mat mat -•) zones tend to predominate  mid-depths within 
30 degrees of the equator. GEOSECS stations 75-77 and 79-88 
lie in the far South Atlantic between Cape Horn at 55øS and 
station 89 at 60øS (see Figure 7(a)), and 87% of their samples 
have [N]:[P] ratios in the 14-15 mat mat -1 range, in agreement 
with the high-latitude patterns in Plate 3. The next largest 
group of samples for these southern ocean stations has 15-16 
mat mat -• but constitutes only 10% of the total. Data from the 
Antarctic stations between the southern ends of the sections 
could not be conveniently displayed in the quasi-isometric 
projection. 
Plate 3 also shows that the region of very high [N]:[P] values 
from 16 mat mat -• to well beyond 18.5 mat mat -] is concen- 
trated north of 10øN and above 500 m, in agreement wlxh the 
pattern suggested by Figures 4-6 and Plate 1 above. 
Because TTO did not sample extensively in the South Atlan- 
tic, confirmation of Plate 3 using TTO data was possible for 
only a portion of the range covered by the GEOSECS transects 
(see ptusses and crosses in Figure 7a). The limited quasi-iso- 
metric projection obtainable with TTO data (Plate 4) appears to 
corroborate the GEOSECS projection from 9-10 years earlier, 
i.e., blue-gray dominant at mid-depths and dark green domi- 
nant near bottom. 
An assessment of the possibility of ideal N-P cavariatian in 
the deep Atlantic is indicated by C.V. values calculated for all 
GEOSECS [N]:[P] ratios below 600 m grouped in 0.5 mat mat -1 
intervals (Table 3). These values range from 0.65% for the 14- 
14.5 mat mat -• interval to 0.97% for the 14.5-15 mat mat -• 
interval and compare quite favorably with the most realistic 
estimate of procedural C.V., 0.95% (Figure 10). In view of 
these low C.V. values and the pronounced groupings of like 
colors in Plate 3, we may reasonably assert that large regions 
of ideal N-P cavariatian exist in the deep Atlantic. 
Water mass "structure" in the western Atlantic section as de- 
picted by [N]:[P] distribution patterns bears an intriguing sim- 
ilarity to structure based on temperature and salinity, especial- 
ly in the southern portion of the section. The large gray region 
imbedded with some blue and purple areas is both underlain and 
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TABLE 1. Coefficients of Variation (C.V.) for Pacific 
GEOSECS [N]:[P] Ratios 
All Depths Depths >600 m 
No. of C.V. No. of C.V. 
[N]:[P], mol mol -• Samples % Samples % 
13 
13 
14 
14 
15 
15 
0-13.5 101 1.14 14 1.07 
5-14.0 174 1.09 69 0.94 
0-14.5 370 0.97 234 0.93 
5-15.0 1219 0.89 1000 0.87 
0-15.5 1948 0.93 1777 0.93 
5-16.0 370 0.69 353 0.68 
overlain by a dark green region imbedded with some orange ar- 
eas. The southernmost penetration of the gray region is at 
-•40øS and a depth of 2500 m. Maximum northward penetration 
of the upper green tongue is at •-8øS and 1000 m. The lower 
green tongue can be detected as far north as 30øN. Neumann 
and Pierson [1966, Figure 14.38 and text] indicate that the 
34.8%0 salinity boundary between southward-flowing water 
of North Atlantic origin (i.e., North Atlantic Deep Water, or 
NADW) and northward-flowing Antarctic Intermediate Water 
(AAIW) and Antarctic Bottom Water (AABW) falls very close 
to the gray/dark green boundary in Plate 3. In the deep western 
Atlantic most of the water conventionally considered to have a 
North Atlantic origin has an [N]:[P] between 15 and 16 mol 
mo1-1, and most of the water of Antarctic origin has an [N]:[P] 
between 14 and 15 mol mo1-1. The pronounced horizontal 
character of the gray/dark green boundary implies that the par- 
ticles releasing N and P in NADW, AAIW, and AABW are large- 
ly created in and transported horizontally from areas closer to 
the regions where the masses form. Unlike the western Pacific 
in Plate 2, the western Atlantic lacks the vertical boundaries 
suggestive of a dominant role for the vertical "rain-out" of up- 
per ocean particles along the paths of the horizontally moving 
water masses. 
North of 8øS in the western Atlantic section, the correspon- 
dence between [N]:[P] structure and physical structure weakens. 
The 34.8%o salinity boundary is present at depths of-1000 
m as far north as 15øN [Neumann and Pierson, 1966, Figure 
14.38], whereas Plate 3 mostly shows the gray color charac- 
teristic of NADW at 1000 m between 8øS and 15øN. This lack 
of an "Antarctic" [N]:[P] signature where salinity indicates that 
AAIW should be present suggests that the remineralization of 
particles raining downward from upper waters of the western 
equatorial Atlantic overwhelms the remineralization of parti- 
cles being horizontally transported in the AAIW. The down- 
ward-raining particles apparently remineralize at a higher N- 
to-P ratio. 
No clear pattern of horizontal intermingling of [N]:[P] signa- 
tures is evident in the eastern Atlantic in Plate 3. The gray re- 
gion with the northern signature of 15-15.5 mol mol -• essen- 
tially stops between 20øS and 30øS and is replaced by the dark 
green (14.5-15 mol mol- •) and orange (14-14.5 mol mol- •) 
Antarctic regions across a reasonably vertical boundary. There 
is a slight indication of horizontal interpenetration of gray 
and dark green between 2000 and 4000 m deep at 20ø-30øS. 
However, more stations between 20øS and 30øS would be nec- 
essary to be certain, and in any case, the meridional extent of 
the interpenetration is much less than in the western Atlantic 
section. AAIW and AABW have much weaker flows in the east- 
ern Atlantic [Neumann and Pierson, 1966, Figures 14.39 and 
14.40]. Such flows would permit longer contact with a vertical 
rain of upper ocean particles and promote a greater verticality 
in the boundaries between [N]:[P] provinces. Thus the deep 
eastern Atlantic [N]:[P] pattern is consistent with an ideal co- 
variation in which the differing [N]:[P] ratios are set by a ver- 
tical rain of upper ocean particles, just as proposed for the 
western Pacific. 
Plate 3 also shows the intersection of three surfaces of con- 
stant potential density with [N]:[P] zones around the Atlantic. 
The conclusion reached in connection with the Pacific [N]:[P] 
distribution (Plate 2) applies here as well, namely that the iso- 
pycnal surfaces pass through regions with very different 
[N]:[P] ratios. Thus the prospect is strong that reaction rate ra- 
tios of nutrient nitrogen and phosphorus also vary considerab- 
ly along these surfaces, and the usefulness of a single N-P re- 
TABLE 2. VERTEX Nutrient Data (Martin and Gordon, 1988) 
Station 1 (35.8øN, 122.6øW) 
June 13-17, 1984 
Depth 
m 
• 43-1 [NO3- l [NI:[P] 
gmol kg '• gmol kg -• mol mol -• 
Station 2 (35.1øN, 128.2øW) 
June 24-26, 1984 
Depth 
m 
[PO 4 3-] [NO3- ] [N]: [P] Depth 
gmol kg -1 gmol kg -• mol mol -• m 
Station 4 (33.3øN, 139.1øW) 
June 29 to July 1, 1984 
43-1 [NO3'I [NI:[P] 
gmol kg -• gmol kg '• mol mol '• 
o 
5o 
6o 
8o 
12o 
14o 
195 
295 
385 
485 
665 
760 
885 
985 
lO9O 
1485 
198o 
0.42 3.70 9.25 
0.59 6.08 10.67 
0.60 4.84 8.34 
0.97 9.38 9.87 
1.55 22.13 14.46 
1.94 25.17 13.11 
2.05 28.55 14.06 
2.42 33.55 13.98 
2.82 39.53 14.12 
3.06 41.74 13.73 
3.41 43.90 12.95 
3.42 43.93 12.92 
3.38 44.00 13.10 
3.34 43.92 13.23 
3.22 44.57 13.93 
3.16 43.00 13.69 
3.00 41.25 13.84 
100 
20O 
300 
4OO 
490 
590 
685 
785 
88O 
980 
1080 
1450 
1720 
1970 
0.17 
1.34 
1.8O 
2.34 
2.88 
3.16 
318 
3 26 
338 
327 
3 27 
3 25 
2.90 
2.91 
0.45 3.00 100 
19.4 14.70 195 
27.0 15.17 290 
32.8 14.14 390 
39.3 13.74 490 
42.0 13.38 585 
44.1 13.96 685 
45.1 13.92 790 
44.9 13.36 890 
45.5 13.66 990 
45.3 13.94 1085 
44.6 13.81 1280 
42.8 14.86 1475 
42.5 14.71 1725 
1975 
0.08 0.22 3.67 
0.56 7.45 13.80 
1.20 17.4 14.75 
1.64 22.4 13.83 
2.40 32.3 13.57 
2.95 39.8 13.58 
3.28 43.8 13.44 
3.36 44.6 13.35 
3.26 43.1 13.30 
3.40 43.6 12.90 
3.40 43.7 12.93 
3.40 44.0 13.02 
3.02 42.8 14.27 
3.10 42.2 13.70 
3.16 41.4 13.18 
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Plate 4. Quasi-isometric p ojection f TTO-TAS and TTO-NAS Atlantic [N]:[P] values for the cross ections indicated by the 
plusses and crosses in Figure 7a. N is nitrate + nitrite, and P is molybdate-reactive phosphate. Color coding of the ranges of 
[N]:[P] ratios is shown in the inset. 
TABLE 3. Coefficients of Variation (C.V.) for Atlantic 
[N]:[P] Ratios Below 600 m 
No. of C.V. 
[N]:[P], mol mo1-1 Samples % 
13.0-13.5 0 -- 
13.5-14.0 6 0.83 
14.0-14.5 410 0.65 
14.5-15.0 914 0.97 
15.0-15.5 814 0.93 
15.5-16.0 458 0.90 
16.0-16.5 269 0.85 
16.5-17.0 44 0.74 
17.0-17.5 40 0.86 
17.5-18.0 15 0.70 
18.0-18.5 2 -- 
gression to define the reaction rate ratio for any one of them is 
unclear. This conclusion is especially applicable to the 27.0 
surface whereon [N]:[P] concentration ratios vary from 14 mol 
mo1-1 to over 18.5 mol mo1-1. 
SUMMARY DISCUSSION 
The model of ideal N-P covariation appears viable for large 
regions of the oceans. Most of the deep sea, for example, 
seems to be composed of large provinces with constant [N]:[P] 
values that are set by biochemically controlled particle-water 
reactions. Ideal N-P covariation may control the entire Indian 
Ocean below 1400 m; it certainly does so below 3000 m. Be- 
neath the principal Atlantic and Pacific thermoclines (i.e., 
>600 m), cross sections suggest that [N]:[P] ratios tend to 
cluster ingroups in which all ratios are within 0.5 mol mo1-1 
5710 FANNING: RATIOS AND IDEAL COVARIATION IN NLrrRrENT PROVINCES 
of each other. These groups correspond to reasonably compact 
volumes of seawater which can be hundreds to thousands of 
meters deep and tens to hundreds of kilometers wide (Plates 2 
and 3). If all the [N]:[P] ratios from the Atlantic or the Pacific 
are grouped in0.5 mol mo1-1 increments without regard to lo- 
cation, the coefficients of variation for those increments are 
very close to the most realistic estimate of the C.V. that 
should result from analytical variability (0.95 %, Tables 1 and 
3). Within the capability of current analytical methods to 
make distinctions, the waters in each increment appear to be- 
long to a single population with the same [N]:[P] ratio. Addi- 
tional nutrient transects will be required to define the three-di- 
mensional shapes of the various zones or provinces identified 
in Plates 2 and 3 in order to determine their individual C.V.'s 
more precisely. 
Imbedded in the large deep water provinces in Plates 2 and 3 
are tiny zones that are differently colored and are defined by 
only a few points, in some cases just one or two points and in 
other cases a vertical string of points at a single station. The 
possibility cannot be ruled out that these small, poorly defined 
zones result from chance distribution of analytical variations, 
especially if their [N]:[P] values are only 0.5 mol mol 'l differ- 
ent from the well-defined provinces in which they are imbed- 
ded. Much closer sample spacing would be required to deter- 
mine whether or not the small zones really exist. 
Some of the deep [N]:[P] provinces align with physically de- 
fined water masses uch as North Atlantic Deep Water and Ant- 
arctic Intermediate Water in the western South Atlantic. Others 
appear to exist independently of physical circulation such as 
in the northeastern and western Pacific or the eastern Atlantic. 
Critical subjects for future study will be the interactions be- 
tween physical circulation and the chemical reactions that set 
the [N]:[P] ratios in these provinces and permit chemical reac- 
tions to "override" the effects of circulation in certain loca- 
tions. The balance between circulation rates and internal reac- 
tion rates should be a key factor. Biological processes, which 
control nutrient reactions, occur on time scales of hours to 
years [Walsh, 1988, Figure 55] whereas ocean basins are ven- 
tilated on time scales of years in the Atlantic to many hundreds 
of years in the Pacific [Broecker and Peng, 1982, Table 7-7]. 
If horizontal motion of a water mass is completed in a few 
years to tens of years, then it may not receive sufficient parti- 
culate input along its trajectory to alter its [N]:[P] appreciably. 
Such a situation might describe deep western Atlantic water 
masses (Plate 3). In a more sluggish ocean such as the deep 
western Pacific (Plate 2), regeneration of nutrients from sink- 
ing particles along horizontal trajectories may have greater ef- 
fects relative to circulation. 
Most importantly, since these provinces occur in the deep sea 
where regeneration predominates and almost no nitrite is pres- 
ent, and since (3) and (6) apply to each one, the distribution of 
[N]:[P] values depicts the pattern of rate ratios for deep nitrate 
and phosphate regeneration in the ocean. The most frequent 
rate ratio in the Atlantic and Pacific seems to be ! 5-15.5 mol N (mol P)-• (the gray areas in Plates 2 and 3). The next most fre- 
quent appears to be 14.5-15 mol mol -• (the dark green areas) 
followed by 14-14.5 mol mol -• (the orange areas). Considera- 
tion of all deep waters would, of course, include the Indian 
Ocean below 3000 m which, as pointed out, is ideally covar- 
iant at 14.7 mol mol -•. Thus the dominant deep water nitrate- 
to-phosphate regeneration ratio overall appears to fall in the 
14.5-15 mol mol-1 range, or slightly below "conventional" 
Redfield ratios. An intriguing question is why deep Antarctic 
waters in the Pacific sector seem to have higher regeneration 
ratios than in the Atlantic or Indian sectors. 
In view of all the significant work on deep-sea nutrients based 
on the insights of Redfield and coworkers IRedfield, 1934; 
Redfield et al., 1963; etc.] an important question is, "What 
about preformed nutrients?" This question normally refers to 
nutrient concentrations when newly formed deep waters sink 
from the surface, but it also relates to the concept of prov- 
inces, since nutrient concentrations in waters moving out of 
one [N]:[P] province could serve as preformed concentrations 
for adjacent provinces. Mathematical analysis easily demon- 
strates the intuitive idea that the mixing of two water masses 
with different [N]:[P] values produces a mixture with an inter- 
mediate value, although it cannot be assumed to be a linear 
function of the degree of mixing. This mixing would, of 
course, occur along the rims of the [N]:[P] provinces in Plates 
2 and 3, and the intermediate values would persist until regen- 
eration plus further mixing produce the [N]:[P] values of the 
interiors of the provinces. The thickness of these rims will de- 
pend on the relative magnitudes of physical mixing and bio- 
logical reaction rates (see above). Unfortunately the sample 
spacing in the GEOSECS and TTO data sets cannot provide 
such information as detailed [N]:[P] contours along the bound- 
ary regions of the provinces, and the important questions 
about boundary processes await future studies. It is tempting to 
propose that the interfingering of dark green and gray zones 
below 2000 m at 10øS to 10øN in the eastern Pacific represents 
boundary interactions between provinces (Plate 2), but even 
there the sample spacing is probably too coarse. 
[N]:[P] ratio studies in the upper ocean and euphotic zone re- 
late to the important question of "new" versus "recycled" pro- 
duction in oligotrophic waters [Eppley and Peterson, 1979]. 
Since new production is considered to result from the upward 
transport of nitrate into the euphotic zone, its RN:R P ratio 
should be an important descriptor of the mechanism of new 
production. As mentioned, despite a large uncertainty, data for 
the upper 10 m of the ocean suggest ideal covariation about an 
[N]:[P] between 0 and 3 mol mol -• in the oligotrophic euphotic 
zone (Figures 7, 8, and 9), implying an R•4:R ? of 0 to 3 mol 
mol -• for nitrate and nitrite (equation (3)). An interesting idea 
arises when that RN:R P is compared to the ratio of the upward 
fluxes of nitrate and phosphate into the euphotic zone. Esti- 
mates of those fluxes yield ratios of 1.6-147 mole N per mole 
P entering the Sargasso Sea euphotic zone and 1.3-102 mole 
per mole entering the North Pacific euphotic zone [Duce, 
1986, Tables 2 and 7]. Note that the lower ends of both ranges 
fall between 0 and 3 mol mol -•, which suggests the possibility 
that the only phosphate which is consumed with nitrate in the 
euphotic zone was previously transported into the zone with 
it. Thus in some locations at least, phosphate might not be 
not preferentially regenerated between the site of the con- 
sumption and the location of the water that mixes upward into 
the euphotic zone. 
That idea would appear to conflict with the concept hat phos- 
phate is regenerated faster from organic matter than nitrogen 
[Ryther and Dunstan, 1971] unless, of course, phosphate re- 
generated in the euphotic zone is largely removed during the 
consumption of such exogenous inputs of new nitrogen as N 2 
fixation or the uptake of nitrate supplied by atmospheric depo- 
sition. However, these inputs are probably not that important, 
since nitrate is much more frequently depleted than phosphate 
[Fanning, 1989] and atmospheric nitrogen inputs do not ap- 
pear to increase productivity [Knap et al., 1986]. Highly sen- 
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sitive nutrient analyses definitely need to be made to confirm 
the idea, since the upward flux ratios range over 2 orders of 
magnitude, but it is obvious that evaluation f [N]:[P] ratios in 
the euphotic zone will provide unique insights into the mecha- 
nism of new production. 
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